Low resistivity (ρ~3-24 mΩ.cm) with tunable n-and p-type phase pure Cu 2 O thin films have been grown by pulsed laser deposition at 25-200 0 C by varying the background oxygen partial pressure (O 2pp ). Capacitance data obtained by electrochemical impedance spectroscopy was used to determine the conductivity (n-or p-type), carrier density, and flat band potentials for samples grown on indium tin oxide (ITO) at 25 0 C. The Hall mobility (µ H ) of the n-and p-type Cu 2 O was estimated to be ~ 0.85 cm 2 .V -1 s -1 and ~ 4.78 cm 2 .V -1 s -1 respectively for samples grown on quartz substrate at 25 0 C. An elevated substrate temperature ~ 200 0 C with O 2pp = 2 -3 mTorr yielded p-type Cu 2 O films with six orders of magnitude higher resistivities in the range, ρ ~ 9 -49 kΩ.cm and mobilities in the range, µ H ~ 13.5 -22.2 cm 2 .V -1 s -1 . UV-Vis-NIR diffuse reflectance spectroscopy showed optical bandgaps of Cu 2 O films in the range 1.76 to 2.15 eV depending on O 2pp . Thin films grown at oxygen rich conditions O 2pp ≥ 7 mTorr yielded mixed phase copper oxide irrespective of the substrate temperatures and upon air annealing at 550 0 C for 1 hour completely converted to CuO phase with n-type semiconducting properties (ρ~12 Ω.cm, µ H ~1.50 cm 2 V -1 s -1 ). The asgrown p-and n-type Cu 2 O showed rectification and a photovoltaic (PV) response in solid junctions with n-ZnO and p-Si electrodes respectively. Our findings may create new opportunities for devising Cu 2 O based junctions requiring low process temperatures.
Introduction
The semiconductor cuprous oxide (Cu 2 O), has shown much promise in photocatalytic water splitting [1] , resistive switching devices [2] , thin film transistors (TFT) [3] , gas sensors [4] , as an anode material in Li-ion based batteries [5] and in photovoltaic (PV) applications [6] . It is non-toxic, Earth abundant and could be prepared by physical and chemical methods [6] [7] [8] . In addition, single phase Cu 2 O is desirable as an absorber material for solar cells because of its reported optical bandgap (E g~2 .17 eV) and high absorption coefficient (above 10 5 cm -1 ) in the visible region of solar radiation and, potentially, the ability to dope both nand p-type via manipulating processing conditions [9] [10] [11] [12] [13] [14] [15] . The natural p-type conductivity of Cu 2 O is believed to stem from copper vacancies (V Cu ) in the crystal lattice [16, 17] , and its suitable band alignment with other wide bandgap n-type metal oxide semiconductors, such as ZnO [18, 19] and TiO 2 [20, 21] , make it much attractive for realizing reasonably efficient heterojunction solar cells. In contrast, origin of intrinsic n-type conductivity is a matter of debate [9, 22, 23] , yet it has been gained substantial interest because of the possibility of the formation of homojunction solar cells [7, 9, 12, 14, 24] to suppress the deleterious interfacial defects states often formed in the case of most heterojunction solar cells ( [25] and refs. therein). The oxygen vacancy (V o ) [11] and copper interstitial (Cu i ) defects in Cu 2 O lattice have been proposed for the electron donating source in explaining the experimental results ( [22] and refs. therein). In general, the donor-and acceptor-level should be shallow for good n-and p-type semiconductors respectively; and carrier concentrations over ~10 16 cm -3 with mobility at least ~5 cm 2 /V.s are necessary for efficient Cu 2 O based optoelectronic devices [11, 26, 27] . In the case of intrinsic n-type Cu 2 O, most of the experimental works reported deep donor levels ( [22] and refs. therein), therefore, unlikely to overcome the native p-type conductivity stemming from cation deficiency (V Cu ) [6] due to the self-compensation [28] .
Several physical [6, 25, 29, 30] and wet-chemical [3, 5, 15, [31] [32] [33] based deposition methods have been employed to produce phase pure Cu 2 O. Among them, pulsed laser deposition (PLD) offers good control on a wide range of processing parameters such as laser wavelength, pulse repetition rate, laser energy per pulse (LP), background gas pressure(O 2pp ), substrate temperature(T sub ) etc. and has been demonstrated to give phase pure Cu 2 O with good structural, morphological and electrical properties [11, 25, 27, 34] . The ablation species reacts with ambient background gas chemically and physically while it proceeds towards the substrate from the target and affects the resulting film properties. Oxygen content in copper oxide films can be adjusted through controlling the oxygen partial pressure (O 2pp There is less information for films deposited at the Cu/Cu 2 O boundary, where an n-type Cu 2 O may exist [35] due to the predominant presence of oxygen vacancy (V o ) as opposed to the hole creating copper vacancy (V cu ). Meyer et al. [6] , roughly estimated the binding energy of donor and acceptors for Cu 2 O to be 266 meV and 156 meV using effective mass theory (EMT) and discussed that carrier density well above ~10 18 cm -3 are necessary to overcome natural p-type conductivity due to the cation vacancy (V cu ). Wang et al. [36] argued that ntype conductivity of Cu 2 O is possible only if the V o would exist at very high concentrations synthesized in oxygen poor conditions. In our previous report we demonstrated the n-type conductivity of Cu 2 O based on electrochemical Mott-Schottky analyses for the samples grown by PLD at room temperature with oxygen poor condition (O 2pp < 1 mTorr) [37] .
Recently, Xu et al. [11] , also reported PLD grown phase pure Cu 2 O films grown at 600 0 C with oxygen poor condition (O 2pp = 0.09 Pa ≈ 0.68 mTorr) with p-type conductivity and upon post N 2 plasma treatment of the as-deposited samples they observed a phase transition from pure Cu 2 O to mixture of Cu 2 O and Cu and a change from p to n-type conduction. Therefore, in this work, the effects of O 2pp (both oxygen-rich and oxygen-poor conditions) in controlling composition, microstructure structure, optical, electrical, and electrochemical impedance properties of PLD Cu 2 O films were investigated. We found that under suitable deposition conditions both n-and p-type copper oxide thin films can be realized which are discussed below.
Experimental Procedures

Growth of PLD films
A simple PLD setup using a UV-ArF Excimer Laser (wavelength: 193 nm, repetition rate: 10Hz, pulsed width: 20 ns, spot size: ~1mm 2 , energy(LP): 25 ± 4 mJ/pulse) were used for depositing copper oxide thin films on amorphous quartz, polycrystalline ITO coated glass, and single crystalline NaCl(100) substrates under the following conditions: Base vacuum of the PLD chamber ≤ 10 -5 Torr; oxygen partial pressure (O 2pp ): 0 -10 mTorr; target-substrate distance ~ 5cm; substrate temperature(T sub ): non-intentionally heated (RT~ 25 0 C) -400 0 C.
The substrate temperature was controlled by halogen bulb heater and measured by using a digital thermocouple as described in ref. [25] . The substrate temperature and oxygen partial pressure were varied to allow the film growth in a stable regime, where no decomposition of the film is observed. Post annealing treatment was also given to some of the as-grown Cu 2 O films under controlled O 2 ambient inside the PLD chamber for comparison purpose.
Prior to film deposition, all substrates were ultrasonically cleaned successively in Toluene Acetone, isopropanol and ultra-pure water (Mili-Q, 18MΩ.cm) for 15 min followed by a Ar blown dry. All substrates were given to a UV-Ozone cleaning for 20 min immediately before put in the PLD chamber. The target material was commercially available hot pressed ceramic Cu 2 O (purity~99.95%). The target was ablated for 5 minutes prior to actual deposition on the substrates.
Characterization of PLD samples
The X-ray Diffraction (XRD) spectra were recorded with Bruker AXS D8 Advance powder X-ray diffractometer using Cu K α (λ=1.5406 Ǻ) radiation. The diffraction patterns were recorded with a step size of ~0.025 0 and a time per step of 18 seconds and the samples were rotated to homogenize the measurements. TEM analyses of samples grown on NaCl(100) were investigated by a JEOL 2010 and a Philips EM 430 as described in ref. [25] where TEM camera length calibration procedure was also discussed. Raman and Photoluminescence spectra were recorded at room temperature in the backscattering geometry with a Renishaw 2000 confocal spectrometer using λ ext = 514.5 nm Ar-ion laser (P Figure S1 for details). Therefore, the oxygen rich (O 2pp = 10 mTorr) samples will not be considered further in the below discussion. As a quick guide for the readers: the structural, compositional, and electrical characteristics of samples investigated are summarized in Fig. 1 . Fig. 2 (a) and Fig. 1(a) ). Both RT-and HT-grown films with O 2pp > 7 mTorr were found to be mixed Cu-O phase (see figure S2 ) with CuO as a major product. Notice also that RT-and HT-grown films approached towards strong {100} and {111} texturing, respectively, with increasing O 2pp up to 7 mTorr (see also figure S3 (a)). The average crystallite domain size estimated by using Scherrer formula was found to be in the range 5 -15 nm and found to be following a decreasing trend with increasing O 2pp (for details see Fig. 4 . All luminescence peaks (solid lines) can be attributed to copper oxide phases, consistent with the results reported previously [25] . The exciton-related (X 0 -) emission peak is clearly seen in the RT-PL spectrum for all PLD films including the target material suggesting good quality Cu 2 O thin films irrespective of O 2pp conditions. The luminescence peaks centering at ~760 nm and ~880 nm have been put forward for Cu 3 
Results and discussion
O 2 and
[ -] complex respectively [25] . Notice that at low O 2pp = 2 -3 mTorr, HT-grown films showed enhanced (X 0 -) peak with additional [ -] complex peak which is not conspicuous in RT-grown films. These samples also exhibited diminished V cu peak (see Fig.   4 (b)). As can be seen from the Fig. 6(a 6 (a)) due to more stoichiometric Cu 2 O phase formed in the oxygen rich conditions. In contrast, the resistivity of HT-grown film without injecting O 2 into the PLD chamber was estimated to be below 7 mΩ.cm (see Fig. 6(b) ). The HT-grown film deposited using O 2pp = 2 mTorr exhibited the highest resistivity of ~49 kΩ.cm among all samples, probably due to inclusion of metallic Cu into the Cu 2 O matrix which compensates available holes leading to insulating thin films [26] . The resistivities of 2 mTorr ≤ O 2pp ≤ 7 mTorr HT-grown films are roughly six orders of magnitude higher than that of the film grown without oxygen. These results are also suggesting that oxygen rich PLD ambient leads to more stoichiometric copper oxide, thereby resulting in more insulating thin films due to the lack of charge carrier creating defect (vacancy type) concentrations.
Hall coefficient measurements and Mott-Schottky plots (see Fig. 7 (a)) constructed from electrochemical impedance spectra [9, 31] were also carried out for samples grown with identical deposition PLD conditions on quartz and ITO substrates respectively (see figure S7 on supplementary material)). The results together with optical bandgap values are summarized in Table 1 . [ -] defect complex seen in PL spectra (see Fig. 4(b) ). cm -3 which is still roughly six order magnitude higher compared to its HT-grown counterpart.
The effective density of states (D(E f )) for these samples are in the range (D(E f )) ~ 1.35 -5.67×10 21 (eV) -1 cm -3 estimated from EIS data by a similar approach presented in ref. [42] using the equation :
, where, C sc is the space charge capacitance, ε 0 is permittivity of free space (8.854×10 -12 F.m -1 ), ε is the relative dielectric constant (~6.6 for Cu 2 O [31] ) and e is the electronic charge (see supplemental material for detail calculations).
The high level of N a , is consistent with low resistivity (few mΩ.cm), and low Hall mobilities and +0.91 V vs RHE ( E f = -5.37 eV) respectively for n-and p-type Cu 2 O/ITO electrodes using similar approach described in ref. [9] . The distinct positive-and negative-slope seen in M-S plots in Fig. 7(a) confirms the n-and p-type conductivity of Cu 2 O/ITO electrodes and as seen in Fig. 7(b [22] . (Fig. 2(a) ) and TEM ( Fig. 1(a) ) analyses and they are the most oxygen deficient phase pure Cu 2 O among the samples deposited in this study. Therefore, the origin of n-type conductivity in these PLD [7, 9, 12, 14, 24] .
It is conspicuous that estimated acceptor concentrations in RT-grown p-Type Cu 2 O samples are also high (N a ~ 6×10 19-20 cm -3 ) in our observations (see Table 1 and Fig. 7) . This is consistent with other recent reports. Theoretical studies reported by Raebiger et al. [16] suggest that the dominant defect V Cu can be even above 10 21 The PLD sample (S1) annealed at 550 0 C in air for 1 hour is phase pure CuO and showed n-type conductivity with carrier concentration ~ 3.47×10 17 cm -3 and mobility ~1.5 cm 2 V -1 s -1 consistent with reported result [30] . 
where, -oxygen vacancies, and e --electrons. As seen from the equation (2), evolution of oxygen is accompanied by the formation of oxygen vacancies (with effective positive charge) and electrons that determine n-type of conductivity.
As a proof-of-concept, solid p-n junctions were fabricated with FTO/n-ZnO/p-Cu 2 O/Au and p-Si(111)/n-Cu 2 O structures. Their stable current-voltage characteristic curves suggest that p-n junctions were formed successfully, albeit with poor photovoltaic performance. These results are summarized and discussed in the supplementary materials (see figures S12 -S14).
Conclusions
Phase pure n-and p-type Cu 2 O thin films were grown on quartz glass and other substrates (ITO, NaCl(100), and p-Si Both for RT-and HT-grown films, grain growth is negatively affected with increasing O 2pp ; for example, in case of HT-grown films, crystallite size start to decrease monotonically from ~12 nm with no O 2pp down to ~5 nm with O 2pp ≈ 7 mTorr; suggesting that O 2pp must have greater impact on controlling growth rate as well as films microstructure. The likely reason is that higher level of O 2pp present during PLD scatter, attenuate and thermalize the ablation plume; consequently lowering the kinetic energy of particle arriving the substrate surface. Therefore, the lower the kinetic energy of adatoms, the slower the grain growth as well as the deposition rate.
Furthermore, the crystallite size in HT-grown films are always found to be smaller than those of the RT-grown films irrespective of the O 2pp level, indicating that the growth rate in RT-films is faster than HT-films, which, indeed, corroborates the results presented Fig. 6 of the main text. Notice the film thickness is consistently decreasing from ~ 635 ± 25 nm to ~ 410 ± 6 nm when substrate temperature is elevated from T sub = 25 ⁰C(RT) to T sub = 300 ⁰C. (The estimated film thickness of Cu 2 O with 2 mTorr ≤O 2pp ≤ 7 mTorr was found to be roughly in the range 550 -625 nm and 500 -600 nm for 25 ⁰C -and 200 ⁰C -grown films respectively). The underlying reason of decreasing film thickness with increasing T sub can be understood as follows: (i) grains/islands are presumably preferred to crystallize with bigger diameter but thinner than the RT-grown grains/islands at elevated T sub due to higher surface mobility of the adatoms; (ii) since surface mobility of adatoms are greater than those of the RT-grown film, therefore, re-sputtering probability from substrate surface held at elevated temperature is high; and (iii) since surface mobility of adatoms are lower at RT-grown film surface therefore they stick together as aggregates on substrate surface and grown faster on vertical direction compared to lateral growth over the period of deposition. Intriguingly, grains in RT-grown film are significantly larger than those of T sub ≈ 300 ⁰C-grown film as evident from SEM micrographs (cf. figure S 5(b) and 5(c)), suggesting that the columnar like grain (with a large density of voids) growth in the former and lateral growth in the latter might be playing a vital role in decreasing growth rate with increasing growth temperature. The higher resistivity of thin films grown at elevated T sub suggesting that samples being investigated are in general more oxygen rich as well as stoichiometric compared to RT(25 0 C)-grown thin films. This observation corroborates the analyses results of XRD 7 and PL (see figure in the main text). 
Hall mobility measurements:
Hall voltage (also sheet resistance) for couple of samples were carried out in van der Pauw configuration using a standard procedure described in Physical Measurement Laboratory, NIST [3] . Hall voltage measurements were performed using a 1 Tesla permanent magnet and by changing the polarity of, magnetic field ( i.e., B(+) and B(-) (manually)) and, sourcing a range of currents (LabVIEW program controlled) in van der Pauw sample configuration (see inset in figure S8(left) ). The data analysis procedure can be found in the same reference [3] . All electrical measurements were performed at room temperature under dark.
In commercial Hall effect measurements setup, in general, only one sourcing current has been used for measuring hall voltage, the off-set voltage (see figure S9) 
Electrochemical Impedance Spectroscopy (EIS):
To evaluate electrochemical impedance parameter the Frequency response analyse(FRA) was perfomed by appling a set of contant bias voltage over a narrow potential window (-0.25 to 0.05 V vs RHE) as mentioned in the experimental section 2, and a standby potential ca. 0.01 V (vs RHE) was maintained after each measurement to avoid possible formation of native CuO atop the film. This was confirmed by doing CV before and after FRA as shown figure S10 evident from the low capacitive current (few μA) within the potential scanning range. It is worth mentioning here that the experimental electrochemical impedance parameters are fitted to a suitable RQ(Q is the constant phase element (CPE) having relation with C = (Q*R)^(1/n)/R and Q≈ C as n≥0.9) equivalent circuit combination in high frequency region as in figure S11(below) to evaluate true capacitances. Indeed, this capacitance is due to space charge region at the copper oxide|electrolyte interface and capacitances at different bias voltage are used to construct the Mott-Schottky plot shown in Fig. 7(a) in the main text. The Mott-Schottky realtion was used to work out V fb and intrinsic carrier density (N x , where x = d for n-type and a for p-type). The values determined in this way, for desired RT-grown samples, are included in the Table 1 (main text) along with other properteis as a function of O 2pp . The flatband potential converted to vacuum scale using similar methed describe in the litterature [4] and also depicted in Fig.   7 (main text) to indentify conduction band(CB) and valence band(VB) with a common reference. 
Calculation of effective density of states (D(E f )) from EIS data:
The total double-layer capacitance(C T ) of copper oxide|electrolyte system can be calculated from the imaginary impedance(Z imag ) using equation [5] :
where, f is the frequency. The space charge capacitance(C sc ) and Helmohltz capacitance (C H ) [6] can be related to C T by following equation: absorption cross-section ~10 5 cm -1 near the band edge suggest that at least ~100 nm thick layer is necessary for sufficient numbers of photons to be absorbed (Thicker layer is also desired to avoid short-circuiting between inter layers). Therefore, very low J sc of the present PV cell could be attributed to low numbers of photogenerated charge carriers owing to 'thin and poor quality' Cu 2 O layer. 
